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Electro-hydrodynamic extraction of DNA from
mixtures of DNA and bovine serum albumin†
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We report separation of genomic DNA (48 kbp) from bovine serum albumin (BSA) by the electro-hydro-

dynamic coupling between a pressure-driven flow and a parallel electric field. Electro-hydrodynamic

extraction exploits this coupling to trap DNA molecules at the entrance of a microfluidic contraction

channel, while allowing proteins and salts to be flushed from the device. Samples (10 μL) containing
λ-DNA (1 ng) and BSA (0.3 mg) were injected directly into the device and convected to the contraction

channel entrance by a flowing buffer solution. The DNA remains trapped in this region essentially indefi-

nitely, while proteins and salts are eluted. The effectiveness of the concept has been assessed by fluor-

escence measurements of DNA and BSA concentrations. Electro-hydrodynamic extraction in a single-

stage device was found to enhance the concentration of DNA 40-fold, while reducing the BSA concen-

tration by four orders of magnitude. The relative concentrations of DNA to BSA at the contraction channel

entrance can be as large as 1.5 : 1, corresponding to an A260/280 ratio of 1.9. The maximum yield of DNA

from a salt-free solution is 50%, while salted (150 mM) solutions have a lower yield (38%).

1. Introduction

Analysis of genetic material is important to health care, food
safety, forensic science, and other industries.1 While many
protocols exist for high purity extracts, most involve lengthy
procedures, harsh reagents, and constant intervention.2 In
order to overcome these limitations, DNA extraction has
become an area of interest to microfluidic researchers.3

Microfluidics is assumed to be the key to miniaturization and
automation of genetic analysis within a micro total analysis
system (μTAS).4 However, it is first necessary to prepare the
sample for analysis by purifying the solution of proteins and
cations, which act as PCR inhibitors.5,6

Proposed microfluidic platforms for DNA extraction include
those based on isotacophoresis, bifurcated field-flow fraction-
ation, and ion selective membranes.6–9 However, these plat-
forms include buffer gradients, intricate channel geometries,
and embedded membranes, which complicate fabrication and
operation of the device. Recently, a number of groups have
investigated a different class of devices, which rely on trans-
verse migration of DNA to effect the separation.3,10–17 In con-
trast to traditional field-flow fractionation, here the transverse
motion is driven by a non-linear coupling of axial fields.

Although the devices are quite similar in design, we can dis-
tinguish between different physical mechanisms causing the
transverse migration: electro-inertial,3,18,19 electro-
hydrodynamic10–14 and electro-viscoelastic.15–17 The active
mechanism in a particular experiment depends on the type of
particle and the buffer solution properties.

Electro-inertial migration (EIM) occurs when an electric
field causes a charged particle to lead or lag behind the fluid
motion, producing a Saffman force20 towards the wall (lead) or
towards the center (lag). There are a growing number of micro-
fluidic applications of EIM,21 but it cannot lead to particle
trapping,11,15 which requires both migration towards the wall
and electrophoresis counter to the flow (lag). Trapping of DNA
was first observed11,15 in somewhat similar devices but under
rather different conditions. In one case the fluid was
Newtonian, the device relatively large (100 μm) and the shear
rates moderate (5–50 s−1).11 Theory suggests that the transverse
migration follows from the stretching and orientation of the
DNA by the shear; the intrinsically anisotropic electrophoretic
mobility of a non-spherical particle then gives rise to a com-
ponent of the electrophoretic velocity perpendicular to the
field.22–24 We have chosen to call this effect electro-hydrodyn-
amic migration (EHM). Transverse migration is also observed
in viscoelastic fluids (electro-viscoelastic migration or EVM),
typically in smaller (<10 μm) channels with significantly
higher shear rates (up to 500 s−1).15 In this case, normal stres-
ses on the polymer create the transverse force on the DNA
molecules.25 However, normal stresses are not necessary for
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EHM,13 so EHM and EVM are distinct phenomena. With a
growing understanding of the underlying mechanisms, chip
design, solution chemistry, and operating conditions can be
optimized for different applications.

In this work we apply electro-hydrodynamic migration
(EHM) to the extraction of DNA from physiological concen-
trations of BSA. The trapping of DNA by EHM or EVM is par-
ticularly advantageous for extraction, because it can potentially
permit a complete separation of DNA from proteins and salts
in a single stage. Here, we address several issues relevant to
the use of EHM as a microfluidic purification technology.
First, we have considered the injection of a concentrated
sample of DNA (0.1 ng μL−1) into a flowing buffer solution,
rather than premixing the sample with the buffer in much
lower concentrations (as small as 1 fg μL−1).12 To include a
sample injection port, we have fabricated simple but durable
devices from PMMA sheets. Second, although we know that
genomic DNA can be trapped by EHM,11 we do not know how
trapping is affected by the large concentrations of proteins
found in a typical lysate. Here, injected samples containing
small amounts of DNA (1 ng) were contaminated with a large
excess of BSA (0.3 mg) to investigate if the DNA remains
trapped while the protein is flushed. Lysates also contain salts
and other ions, which suppress migration13 and inhibit PCR.
In premixed buffer solutions, salt concentrations in excess of
50 mM were sufficient to prevent migration and trapping. In
the present experiments only the sample contains salt, so that
it is immediately diluted by the (salt-free) buffer solution. We
investigate if there can be trapping of DNA from samples con-
taining physiologically relevant (150 mM) salt concentrations.
Finally, and most importantly, we wish to ensure that the
protein concentration is sufficiently small that the sample can
be considered to be pure DNA, which is typically correlated
with A260/280 ratios in excess of 1.8.

2. Principles of electro-
hydrodynamic extraction

Electro-hydrodynamic extraction adds a new separating mecha-
nism – the flexibility of the chain – which is not present in
either EIM or EVM. A polyelectrolyte, such as DNA, is isotropi-
cally distributed on scales longer than the Kuhn length
(100 nm) and, in the absence of flow, λ-DNA (48 kbp) is distrib-
uted within a small sphere less than 1 micron in radius.
However, under shear it extends to at least 70% of its contour
length26 or about 15 μm. Importantly the long axis rotates in
the flow-gradient plane to lie at a small angle to the field
lines.27,28 Typical orientations of a polymer in a parabolic flow
field are indicated by the agglomerates of green circles in
Fig. 1a.

An elongated charge distribution, for example a charged
rod or a stretched polyelectrolyte, has different electrophoretic
mobilities perpendicular and parallel to its symmetry axis.29 If
the axis lies at an angle to the electric field direction, this
asymmetry in mobility leads to a net motion of the molecule

perpendicular to the field lines as well as electrophoresis par-
allel to them. DNA that is convected through a microcapillary
and driven in the opposite direction by electrophoresis
becomes highly localized in a thin (10 μm) layer next to the
channel walls.11 The distribution of DNA in the contraction
channel is approximated by the sketch of the (blue-framed)
cross section in Fig. 1b; the central region of the capillary is
essentially devoid of DNA.

When DNA molecules return past the entrance of the con-
traction capillary (orange region in Fig. 1b) the fields (both
shear and electric) drop by an order of magnitude, due to the
sudden increase in cross section. Confocal microscopy has
shown that DNA upstream of the constriction channel accumu-
lates in a thin sheet near the upper and lower walls of the
channel11 as indicated by the fluorescence images in Fig. 1c.
In contrast to DNA, proteins are small and compact. They do
not elongate significantly in the flow, so they will not undergo
EHM; transverse motion of proteins is purely diffusive and the
distribution in the channel remains uniform. Because of the
large imbalance of convective and electrophoretic velocities (ν0

Fig. 1 Extraction of DNA by electro-hydrodynamic migration. (a) DNA
molecules (green) mixed with BSA (not shown) enter the contraction
channel due to the parabolic flow (blue arrows), with a maximum vel-
ocity ν0. The electric field induces an opposing electrophoretic velocity
νe (orange arrows), which is an order of magnitude less than the convec-
tive velocity; in these experiments νe ranges from −0.015ν0 to −0.075ν0.
The negative sign for the electrophoretic velocity indicates that it
opposes the convective flow. DNA molecules migrate toward the
channel walls as indicated by the blue-to-orange arrows and return to
the entrance of the channel (orange arrows) because the electrophor-
etic velocity very near the wall exceeds the fluid velocity. (b) Solutions
containing mixtures of DNA and BSA are convected from the upstream
region (orange) into the contraction channel (blue). The distribution of
DNA (green) within cross sections of the device is highly non uniform
(orange and blue rectangles). (c) Fluorescence images of DNA concen-
tration at the entrance to the contraction channel (indicated by the
yellow outlines); the channel is approximately 350 μm wide and
150 μmm deep. The location of the viewing window within the device is
indicated by the yellow rectangle in Fig. 1b. The centerline fluid velocity
and opposing electrophoretic velocity were (in mm s−1): (i) 4.4 and
−0.09, (ii) 4.4 and −0.12, (iii) 8.8 and −0.12, and (iv) 11 and −0.15.

Analyst Paper

This journal is © The Royal Society of Chemistry 2020 Analyst, 2020, 145, 5532–5538 | 5533

Pu
bl

is
he

d 
on

 2
5 

Ju
ne

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f F
lo

rid
a 

Li
br

ar
ie

s o
n 

11
/2

0/
20

20
 3

:4
7:

12
 A

M
. 

View Article Online

https://doi.org/10.1039/d0an00961j


https://doi.org/10.1039/d0an00961j


https://doi.org/10.1039/d0an00961j


https://doi.org/10.1039/d0an00961j


https://doi.org/10.1039/d0an00961j


https://doi.org/10.1039/d0an00961j

	Button 1: 


